ABSTRACT. In many arctic-alpine plant groups, reticulate evolutionary histories have resulted in problems with species delimitation and phylogenetic reconstruction. In the Saxifraga rivularis complex (2n 5 26, 52), the number of species accepted ranges from a single polymorphic one (S. rivularis s.l.) to several (the circumpolar S. hyperborea, the amphi-Atlantic S. rivularis, the three amphi-Pacific species S. bracteata, S. flexuosa, and S. arctolitoralis, and S. debilis in the Rocky Mountains). A combination of molecular (AFLPs), flow cytometrical, and morphological data from samples covering most of the distribution range was used to delimit taxonomic species and to unravel their evolutionary relationships. Four lineages with distinct morphological differences were recognized, representing four species: the diploids S. bracteata, S. hyperborea (including S. flexuosa), and S. debilis, and the tetraploid S. rivularis (including S. arctolitoralis). Based on a synthesis of the available data we provide a taxonomic revision of the complex and propose one rank change (S. rivularis subsp. arctolitoralis comb. et stat. nov.). Genome sizes as well as the intermediate position of the S. rivularis lineage in the molecular and morphological analyses suggest a single allopolyploid origin from the S. bracteata and the S. hyperborea lineages, most likely in Beringia.
As one of the most polyploid-rich areas, the Arctic is suitable for studying the evolutionary significance of polyploidization ). The majority of arctic plants appear to be of hybrid origin, stabilized by allopolyploidy (Stebbins 1985) . Reconstructing the evolutionary history of arctic species complexes with several ploidal levels and clarifying their taxonomy are important steps towards a better understanding of the general processes of reticulation and polyploidization.
Saxifraga sect. Mesogyne Sternb., which includes the circumpolar S. rivularis complex, is almost exclusively arctic-alpine with 10-12 taxa at the species level (Webb and Gornall 1989; Zhmylev 1997; Jintang et al. 2001) . Phylogenetic analyses based on chloroplast matK and rbcL, and nuclear ITS sequences suggest that the section is monophyletic (Soltis et al. 1996; Conti et al. 1999 ). Preliminary phylogenetic analyses including all species of section Mesogyne based on non-coding cpDNA sequences suggest that what is defined here as the S. rivularis complex represents a distinct lineage within the section (T. M. Gabrielsen and C. Brochmann, unpubl. data) .
The Saxifraga rivularis complex consists of small perennial herbs with palmate leaves, rounded leaf lobes, usually cymose inflorescences, small flowers with white to pink petals, and ballistic seed dispersal. The plants grow in moist habitats such as snowbeds, scree slopes, or along rivers and creeks in the Arctic and in northern Pacific and Atlantic alpine regions (Fig. 1; Hultén 1968; Yurtsev 1981) . Two main chromosome numbers have been recorded: 2n 5 26 and 2n 5 52 (Table 1 ; e.g., Zhukova and Tikhonova 1971; Engelskjøn 1979; Lö ve 1982; Zhukova and Petrovsky 1987) , traditionally (and in this paper) designated as diploid and tetraploid. Fixed heterozygosity at an isozyme locus indicates that these chromosome numbers may represent secondary tetraploids and octoploids . Deviating chromosome numbers recorded in some studies (e.g., 2n 5 56, Bö cher 1938; 2n 5 48, Zhukova et al. 1973; 2n 5 23, 38, 43, 47, 50, 85, 95, Guldahl et al. 2005) , could represent occasional endopolyploidy or aneuploidy .
The Panarctic Flora Project (Elven et al. 2003 ) has until now tentatively accepted five species in the Saxifraga rivularis complex for the Arctic: the amphi-Atlantic tetraploid S. rivularis L., the circumpolar diploid S. hyperborea R.Br., and three amphi-Pacific taxa: the diploids S. bracteata D.Don and S. flexuosa Sternb., and the tetraploid S. arctolitoralis Jurtz. & V.V. Petrovsky (Elven et al. 2003) . Plant size, pigmentation, growth form, presence or absence of rhizomes, number of leaf lobes, shape and number of bracts, length of pedicel, shape of hypanthium, and several trichome characters have been regarded as differential morphological characters (e. g., Weber 1966; Yurtsev 1981; Rebristaya and Yurtsev 1984; Webb and Gornall 1989; Cronquist et al. 1997; Elven in Lid and Lid 2005) . Linnaeus (1753) described S. rivularis from Lapland, Sweden. The circumpolar arctic S. hyperborea was described from Melville Island, Canada, by Brown (1823) . Saxifraga bracteata was described from the North Pacific region by Don (1822) and is reported from coastal areas between 50u and 70u N on both sides of the Pacific ( Fig. 1; Hultén and Fries 1986) . The Cordilleran and amphi-Pacific S. flexuosa (Fig 1; Hultén and Fries 1986) was described from Lavrentiy Bay, Chukotka Peninsula, by Sternberg (1831). Saxifraga arctolitoralis was described from the north-eastern part of the Chukotka Peninsula as a local endemic (Yurtsev 1981; Rebristaya and Yurtsev 1984) , but is now reported to be amphi-Beringian (Fig 1; Elven et al. 2003) . Outside the Arctic in the Rocky Mountains, an additional taxon, S. debilis Engelm., was described by Engelmann in Gray (1863) , and has been reported from Colorado, Utah, Wyoming and Montana (Fig. 1; Weber and Wittmann 2001) .
The species delimitation is, however, controversial. The high number of synonyms in the Saxifraga rivularis complex clearly reflects poor understanding of its taxonomy and evolutionary relationships, and that a revision is needed. Several authors have included different taxa at the subspecific level in S. rivularis: S. bracteata (Engler 1872), S. debilis (Dorn 1988) , S. hyperborea (Hooker 1834; Dorn 1988) , and S. flexuosa (Brown 1819; Engler in Rosendahl 1905; Engler and Irmscher 1916; Gjaerevoll 1963) . Saxifraga flexuosa and S. hyperborea are FIG. 1. Sampling and hypothesized distribution of the Saxifraga rivularis complex. The distribution areas are modified after Hultén and Fries (1986) , who included S. hyperborea in S. rivularis. The distribution of S. arctolitoralis is added according to Rebristaya and Yurtsev (1984) and a revision of herbarium material in the University of Alaska Museum, Fairbanks (ALA) by Reidar Elven (in 2003) . The distribution of S. debilis is after Weber and Wittmann (2001) . The symbols indicate a priori determinations of the plants. A. Silica-dried material used for AFLP analysis. B. Herbarium material used for morphometric analysis, the Rocky Mountain area is inserted. also considered synonymous or conspecific with S. debilis by several authors (e.g., Lö ve et al. 1971; Cronquist et al. 1997; Weber and Wittmann 2001) , whereas other authors consider S. debilis to be a separate species (Harrington 1954) or more closely related to S. cernua L. (Engler 1872) .
Several hypotheses on evolutionary relationships have been proposed in the Saxifraga rivularis complex. Rebristaya and Yurtsev (1984) suggested that S. arctolitoralis is an autopolyploid descendant of S. hyperborea, and that S. rivularis has an ancestor in common with S. hyperborea and S. bracteata. Furthermore, they suggested that S. flexuosa is conspecific with S. hyperborea and only represents plants growing in shaded creek margins. Based on matK sequences and ploidal levels, Brochmann et al. (1998) suggested that S. rivularis is of hybrid origin with S. hyperborea representing the maternal lineage. Guldahl et al. (2005) studied populations of S. rivularis and S. hyperborea in Svalbard using isozyme and RAPD analyses, flow cytometry, and morphometry. Their data suggest that there are two genetically well-separated entities with different ploidal levels in Svalbard, although no reliable differentiating morphological characters were identified.
Here we provide a taxonomic revision of the Saxifraga rivularis complex utilizing Elven et al. (2003) and Weber and Wittmann (2001) as initial frameworks. We also aim to identify evolutionary lineages in the complex based on molecular AFLP analysis, flow cytometry, and morphometry. Furthermore we investigate their phylogenetic and evolutionary relationships; i.e., we test the previous hypotheses suggested by Rebristaya and Yurtsev (1984) and Brochmann et al. (1998) .
MATERIAL AND METHODS

Material.
Fresh material was collected from most of the distribution area of the Saxifraga rivularis complex (except for S. debilis; Table 1 ; Fig. 1 ) and was either dried in silica gel, cultivated in a phytotron at the University of Oslo, or pressed as vouchers and deposited at the Natural History Museum at the University of Oslo (O). For the AFLP analysis, silica-dried material of usually three plants from each of 41 populations Elven et al. (2003) and Weber and Wittmann (2001) are and #C give the number of herbarium, silica-dried and cultivated plants included in this study, respectively. Previous chromosome counts and estimated ploidal levels from flow cytometry are from (1) Zhukova and Petrovsky (1987) , (2) Zhukova and Tikhonova (1971) , (3) Zhukova et al. (1973) , (4) Zhukova and Petrovsky (1980) , and (5) Guldahl et al. (2005). a No official codes were registered for these populations.
A priori det. A posteriori det. Fig. 1B ). Whenever possible, the same populations were chosen for all three analyses. We were, however, not able to obtain living material of S. arctolitoralis and S. debilis for flow cytometry, and S. debilis had to be excluded from the AFLP analysis because only herbarium material was available for this species. DNA Isolation and AFLP Analysis. DNA isolation was performed using the Qiagen DNeasy Kit (Qiagen, Hilden) as recommended by the manufacturer, with some modifications: Approximately 1 cm 2 of silica dried leaves was crushed in 2 ml tubes with tungsten carbide beads for 2 3 1 min in a mixer mill (MM301, Retsch GmbH & Co., Haan) at 20 Hz. 400 ml AP1 buffer was added, and the samples were stored overnight at 280uC. After thawing in a 65uC heat block, 3.5 ml RNAse-mix was added, and the mixtures incubated for 20 min at 65uC. The isolated DNA was eluted twice in 50 ml AE buffer and stored at 220uC.
Amplified fragment length polymorphisms (AFLPs; Vos et al. 1995) were obtained using GeneAmp PCR system 9700 (Applied Biosystems, Foster City) at the Natural History Museum, University of Oslo. To 5.5 ml of each DNA extraction we added 0.125 ml EcoRI (5 U; Roche, Basel) and 0.020 ml MseI (1 U; New England BioLabs, Beverly) restriction enzymes, 1.0 ml 10 mM EcoRI and 1.0 ml 10 mM MseI adapters (MWG, Ebersberg; for the adaptor and primer sequences, see Vos et al. 1995) , and 0.200 ml T4 DNA ligase (1 U; Roche, Basel) together with a reaction buffer containing 1.1 ml 103 T4 DNA buffer (with ATP; Roche, Basel), 1.1 ml 0.5 M NaCl, 0.55 ml BSA (1 mg/ml; Roche, Basel), and 0.405 ml autoclaved dH 2 O, giving a reaction volume of 11 ml. The mixture was incubated for 3 h at 37uC and diluted 10 times with autoclaved dH 2 O. To 1.5 ml of the diluted restriction ligation product was added: 1.25 ml AmpliTaq buffer (Applied Biosystems, Foster City), 0.75 ml 25 mM MgCl 2 (Applied Biosystems, Foster City), 1.0 ml 10 mM dNTP (Applied Biosystems, Foster City), 0.05 ml AmpliTaq (Applied Biosystems, Foster City), 7.45 ml autoclaved dH 2 O, and 0.25 ml 10 mM of each of EcoRI-A and MseI-C pre-selective primers (MWG, Ebersberg), giving a total reaction volume of 12.5 ml. The fragments were amplified under the following PCR conditions: 2 min at 72uC, 30 cycles of 30 sec at 94uC, 30 sec at 56uC, and 2.5 min at 72uC, and one last hold of 10 min at 72uC. The PCRproducts were diluted 10 times with autoclaved dH 2 O.
2.5 ml of the diluted preselective products were added to a mixture of 1.25 ml Taq Gold buffer (Applied Biosystems, Foster City), 1.25 ml 25 mM MgCl 2 (Applied Biosystems, Foster City), 1.0 ml 10 mM dNTP (Applied Biosystems, Foster City), 0.1 ml AmpliTaq Gold (Applied Biosystems, Foster City), 0.1 ml BSA (Roche, Basel), 5.95 ml autoclaved dH 2 O, and 0.1 ml and 0.25 ml 10 mM of the selective primers EcoRI-A11 (MWG, Ebersberg; Applied Biosystems, Foster City) and MseI-C11 (MWG, Ebersberg), respectively. The PCR profile consisted of 10 min at 95uC, 13 cycles of 30 sec at 94uC, 1 min at 65-56uC (the temperature decreasing 0.7uC after each cycle), and 2.5 min at 72uC, 23 cycles of 30 sec at 94uC, 1 min at 56uC, and 2.5 min at 72uC, and it finished off with a 10 min hold at 72uC.
1.0 ml of each selective PCR product was mixed in 11.8 ml HiDi (formamide) and 0.2 ml GeneScan Rox 500 size standard (Applied Biosystems, Foster City). The fluorescently labeled AFLP fragments were denatured for 5 min at 95uC and analyzed with an ABI 3100 Sequencer (Applied Biosystems, Foster City) with 10 sec injection time and 3 kV injection voltage, otherwise default conditions. Eight pairs of AFLP selective primers were tested; EcoRI-AGA/MseI-CAA, EcoRI-AGA/MseI-CAG, EcoRI-AGA/MseI-CTG, EcoRI-AGA/MseI-CTT, EcoRI-ATC/MseI-CAA, EcoRI-ATC/MseI-CAG, EcoRI-ATC/MseI-CTG and EcoRI-ATC/ MseI-CTT. Three of these (6-FAM labeled EcoRI-AGA/MseI-CAA, 6-FAM labeled EcoRI-AGA/MseI-CTG and VIC labeled EcoRI-ATC/MseI-CAA) gave clear profiles with appropriate levels of polymorphism and were chosen for the full analysis.
The samples were visualized and sized using GENESCAN Analysis Software version 3.7 (Applied Biosystems, Foster City) . Peaks in the range 50-500 base pairs were scored as present (1) or absent (0), the intensity threshold being approximately 5% of the most intensive peak, using GENOGRAPHER 1.6.0 (Benham 2001) . Bands not reproduced in duplications of two replicated samples were excluded from further analysis. Most profiles had between 100 and 150 bands, and specimens with profiles outside this range were excluded from the study due to presumedly imperfect amplification. The final dataset consisted of 104 individuals and 250 markers, and the data matrix is available from treeBASE (study number S1564).
The AFLP variation was visualized using principal coordinate analysis (PCO) in NTSYSpc version 2.02 (Rohlf 1999) based on the similarity measure of Dice (1945) . PCO analyses were also run for different subsets of the material. The AFLP data were analysed by both hierarchical and non-hierarchical clustering methods. Neighbor-joining analyses were performed in TREECON version 1.3b (Van de Peer and De Wachter 1994) , with the Nei-Li distance measure (Nei and Li 1979) . Bootstrap analysis was carried out with 1,000 replicates. A Bayesian approach using STRUCTURE version 2 (Pritchard et al. 2000 ) calculated a logarithmic probability for the data given a number of clusters and assigned the specimens to these clusters probabilistically. The method may be applied to dominant markers such as AFLPs under a no admixture model, assuming no linkage between the loci (Pritchard et al. 2000) . Ten replicates of each value of K (5 the number of groups) were run for different selections of samples with a burn-in period of 100,000 and 1,000,000 iterations. A parsimony analysis was performed using heuristic search with random trees as starting point, 1,000 replications, saving 10 trees from each replicate, and tree bisection-reconnection (TBR) as branch-swapping algorithm in PAUP* version 4.0b10 (Swofford 2001) . Additional TBRswapping was performed with one tree from each island as starting point, saving 1,000 trees in each analysis. A strict consensus tree was calculated from the resulting trees. Bootstrap support was estimated with heuristic search, 1,000 replicates, using four random addition sequence replications, saving one tree from each replicate, and TBRswapping.
Flow Cytometry. Flow cytometry was performed by G. Geenen, Plant Cytometry Services (Schijndel, The Netherlands) using DAPI staining and Lactuca sativa L. as internal standard. A few cm 2 (20-50 mg) of fresh leaf material was chopped with a razor blade and a DNA buffer (at pH 8) containing 5.0 mM Hepes, 10.0 mM MgSO 4 3 7H 2 O, 50.0 mM KCl, 0.2% Triton X-100, 2% DTT (dithiothreitol), and 4 mg/l DAPI, was added. The solution was filtered through a nylon filter of 40 mm mesh size. The flow cytometer PAS II (Partec GmbH, Mü nster, Germany) was used with a high pressure mercury lamp (OSRAM HBO 100 Long Life; OSRAM GmbH, Mü nchen), heat protection filter KG-1, excitation filters UG-1 and BG-38, dichroic mirrors TK Multivariate analyses were run on 43 characters (Table 2) . Only characters giving significant differences between most taxa in the Mann-Whitney U test were included. If a derived ratio character was included, at least one of the primary characters from which it was calculated was excluded. Each character vector was standardized by subtracting the minimum value and dividing by the range. A similarity matrix was calculated in SPLUS 6.0 (Insightful Corporation, Seattle) using the general similarity coefficient of Gower (1971) , applying different similarity measures to dichotomous, qualitative, and quantative characters. The similarity matrix was decentered, and eigenvectors and eigenvalues were calculated using NTSYSpc version 2.02 (Rohlf 1999 ). Kendall's t correlation coefficients between the PCO axes and the characters included in the multivariate analyses were calculated using SPSS 12.0.1 (SPSS Inc., Chicago).
RESULTS
AFLP Variation. Except for Saxifraga bracteata, no fixed species-specific markers were found. Of the 250 markers scored, 24 were present only in S. hyperborea, 13 only in S. flexuosa, six only in S. bracteata, and four only in S. rivularis, whereas no marker was unique to S. arctolitoralis. Eighteen markers, most of them fixed, were shared by all taxa except S. bracteata. Thirteen markers were exclusively shared by S. flexuosa and S. hyperborea, ten markers by S. flexuosa, S. hyperborea, and S. rivularis, and eight markers by S. arctolitoralis, S. bracteata, and S. rivularis.
The PCO analysis of the total material grouped the plants into three distinct groups along axes 1 and 2 (46.1% and 7.1% of the variation explained, respectively; Fig. 2 ): Saxifraga rivularis + S. arctolitoralis, S. flexuosa + S. hyperborea and S. bracteata. PCO axis 3 spanned the variation within the S. flexuosa + S. hyperborea group (5.3%; not shown). In a separate PCO analysis of the S. arctolitoralis + S. rivularis group the first axis (20.7%) separated S. arctolitoralis from S. rivularis (Fig. 2) . A separate PCO analysis of the S. flexuosa + S. hyperborea group showed little structure corresponding to the tentative species (Fig. 2) . However, the Atlantic populations were more or less separated from the Beringian/Pacific populations along PCO axis 1 (12.7%).
In the STRUCTURE analyses of all samples, two was the highest number of groups (K) giving an unambiguous assignment of specimens; one including Saxifraga flexuosa + S. hyperborea, and one including S. arctolitoralis, S. bracteata, and S. rivularis (LnP(D) 5 24, 801.6 ; not shown). When analysing these two groups separately, no further division was obtained in the S. flexuosa + hyperborea group, whereas the second group was unambiguously divided into three subgroups corresponding to S. bracteata, S. arctolitoralis, and S. rivularis (LnP(D) 5 2633.1; not shown).
In the neighbor-joining analyses the same two main groups as recognized in the STRUCTURE analyses were obtained with 100% bootstrap support (not shown). Saxifraga bracteata formed a strongly supported subcluster with 100% support, whereas a S. arctolitoralis subcluster was moderately supported (82%).
The initial parsimony analysis gave 20 trees from two islands, and additional branch-swapping resulted in 2,000 equally parsimonious trees with tree length 5 631, CI 5 0.300, RI 5 0.821, and RC 5 0.246. The two main groups found using cluster analyses, were also inferred in the parsimony (Fig. 3) . A S. bracteata clade was also strongly supported (100%), whereas a S. arctolitoralis + rivularis clade was weakly supported (61%). A subclade comprising the S. arctolitoralis population was moderately supported (86%). Variation in Ploidal Levels. Three main levels of DNA content were found in the flow cytometric analysis. The DNA ratios were 0.36-0.38 in Saxifraga rivularis, 0.16-0.18 in S. hyperborea and S. flexuosa, and 0.20-0.21 in S. bracteata (Figs. 4, 5 ). The variation within each level of DNA content was shown by the replicates to be almost exclusively methodological. The first level corresponded to a chromosome number of 2n 5 52 (tetraploid), whereas both latter levels corresponded to a chromosome number of 2n 5 26 (diploid; Table 1 ). Thus, the diploid S. bracteata had higher DNA content than the diploid S. flexuosa + S. hyperborea, whereas the tetraploid S. rivularis had an amount of DNA equaling the sum of the other two.
Morphological Variation. Descriptive statistics for all characters are given in Table 3 , and boxplots for selected characters are shown in Fig. 6 . The Mann-Whitney U test showed significant differ- ences in more than half of the characters when comparing Saxifraga bracteata with the other five tentative taxa (i.e., in 34-40 characters), whereas only 16 characters differed significantly between S. hyperborea and S. flexuosa (Table 4) . The other combinations of taxa showed significant differences in 23-36 characters ( Table 4) .
The material referred to Saxifraga debilis lacked rhizomes and had V-shaped hypanthia that were glabrous to sparsely covered with very short glandular hairs. Longer flowering pedicels and narrower sepals distinguished it from the other taxa. Its leaves were larger and with more lobes than in the other taxa, except S. bracteata. The material of S. bracteata had rhizomes and broadly elliptic petals and the plants were larger than in the other taxa, with longer flowering stems, longer and broader bracts and leaves, and larger flowers, as well as more numerous flowers, bracts, and leaf lobes.
The material of Saxifraga flexuosa and S. hyperborea could be separated from that of S. rivularis and S. arctolitoralis by lack of rhizomes and by the darker color of the partition-walls in the hairs. The material referred to S. flexuosa differed significantly from that of S. hyperborea in the amount of pigmentation, in the color of the hair partitionwalls (being more purple in S. hyperborea), and in its longer flowering stems and pedicels. The material of S. arctolitoralis was shorter than that of S. rivularis, more pigmented, and more densely covered by longer and more pigmented hairs (Tables 3, 4; Fig. 6 ).
Even though a series of characters differed between the taxa, overlap was always observed in the multivariate analyses of the morphological data. In the PCO analysis of all samples, most of the Saxifraga bracteata specimens were found at one end of axis 1, S. flexuosa and S. hyperborea at the other end, and S. arctolitoralis, S. debilis and S. rivularis in between (11.68%; Fig. 7A ). The first PCO axis was strongly correlated (p,0.001) with characters 1 (t 5 20.62; cf. Table 2 When analysed separately, Saxifraga arctolitoralis and S. rivularis were almost completely separated along PCO axis 1 (12.83%; Fig. 7B ). This axis was strongly correlated (p,0.001) with characters 9 (t 5 0.53), 10 (t 5 0.67), 11 (t 5 0.55), 16 (t 5 0.57) and 18 (t 5 0.57). FIG. 4 . DNA ratio for 76 plants, determined by flow cytometry using DAPI staining and Lactuca sativa as internal standard. Saxifraga arctolitoralis and S. debilis were not included due to lack of fresh leaf material. Symbols with the same position along the first axis in the scatterplot are duplicates from the same individual.
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A separate PCO analysis of the samples referred to as Saxifraga debilis, S. flexuosa, and S. hyperborea did not result in clear separation of taxa (Fig. 7C) . However, S. debilis was exclusively found at high values along axes 1 (9.21%) and 2 (8.05%). The Rocky Mountain samples of S. flexuosa were found at high values along axis 1, but at low values along axis 2, whereas the other samples of S. flexuosa and S. hyperborea were found along the lower half of axis 1. Axis 1 was correlated with characters 8 (t 5 0. 35, p,0. The only three qualitative morphological characters dividing the Saxifraga rivularis complex into distinct groups were the presence versus absence of rhizomes (character 1), the shape of the hypanthium (10 and 11), and the shape of petals (28). Rhizomes were almost uniformly present in the material of S. arctolitoralis, S. bracteata, and S. rivularis, and absent in S. debilis, S. hyperborea, and S. flexuosa ( Fig. 3; Tables 3, 4) . The hypanthium shape distinguished S. debilis (V-shaped) from all other taxa (U-shaped). The petal shape distinguished S. bracteata (broadly elliptic) from all other taxa (more or less oblong). We also observed quite clear tendencies in the degree of pigmentation (character 8 and 18). Typically, S. hyperborea and S. arctolitoralis had much pigmentation, S. bracteata, S. debilis, and S. rivularis had little or no pigmentation, and S. flexuosa was intermediate ( Fig. 3; Tables 3, 4) . FIG. 5 . Recorded ploidal levels in the Saxifraga rivularis complex given as diploid (black) and tetraploid (white). The ploidal levels are estimated from previous chromosome counts and ploidal level estimates (diamonds; see references under Taxonomic treatment and Löve et al. 1971) , and our flow cytometry results (circles). FIG. 6 . Variation in 15 morphological characters in the Saxifraga rivularis complex. Taxa are given by abbreviations: arc 5 S. arctolitoralis, bra 5 S. bracteata, deb 5 S. debilis, fle 5 S. flexuosa, hyp 5 S. hyperborea, and riv 5 S. rivularis. The character codes are explained in Table 2 . One outlier (S. bracteata; 804-1) is off scale in the box plots of the characters Flowers and Cauline leaves due to its extreme values (29 and 35, respectively). Table 2 . Taxa are abbreviated: arc -Saxifraga arctolitoralis, bra -S. bracteata, deb -S. debilis, fle -S. flexousa, hyp -S. hyperborea and riv -S. rivularis. ss means difference significant at q , 0.01, s means difference significant at q , 0.05, and blank means no significant difference in medians. The sum of characters with significant difference in median between the two taxa compared is given in the last row. 
DISCUSSION
Based on our morphological, flow cytometrical, and molecular data, we conclude that it is reasonable to recognize four species in the Saxifraga rivularis complex, including one with two subspecies: the amphi-Pacific diploid S. bracteata, the Cordilleran diploid S. debilis, the circumpolar diploid S. hyperborea, and the tetraploid S. rivularis with the amphi-Atlantic subspecies rivularis and the amphi-Beringian subspecies arctolitoralis (new combination proposed here). We regard the amphiPacific and Cordilleran populations referred to as S. flexuosa as conspecific with S. hyperborea. In the following discussion, we refer to these two initially hypothesized taxa as 'flexuosa' and 'hyperborea'.
Main Evolutionary Lineages. The three very divergent groups obtained in all PCO (Fig. 2) , neighbor-joining and parsimony analyses (Fig. 3) of the AFLP data probably represent three evolutionary lineages within the Saxifraga rivularis complex: the diploid S. bracteata lineage, the diploid S. hyperborea lineage (including 'flexuosa') and the tetraploid S. rivularis lineage. These groups are also supported by differences in morphological characters (Figs. 6, 7) and in genome size (Fig. 4) .
Although AFLP data were not obtained for the Cordilleran diploid S. debilis, its unique morphology (distinctly different hypanthium shape, shorter glandular hairs and characteristics of cauline leaves; Figs. 6, 7C) indicates that it represents a separate lineage as well. This conclusion is supported by sequence analysis of several noncoding cpDNA regions (T. M. Gabrielsen & C. Brochmann, unpubl. data) . The three diploid lineages have quite divergent chloroplast DNA haplotypes, whereas the single cpDNA haplotype of the tetraploid S. rivularis lineage is very similar to, but not identical with those of the diploid S. hyperborea lineage.
Allopolyploidy as a Single Event. The Saxifraga rivularis lineage is most likely an allopolyploid derivative from the S. bracteata and S. hyperborea lineages, a hypothesis supported by the intermediacy of this lineage between the others both genetically (Figs. 2, 3 ) and morphologically (Figs. 6, 7B) . The two main levels of DNA ratios identified in our flow cytometric analysis correspond to previously published chromosome numbers of 2n 5 52 (tetraploid) for S. rivularis and 2n 5 26 for S. hyperborea and S. bracteata (diploid; cf. Table 1 and the taxonomic treatment). No material of S. debilis or S. rivularis subsp. arctolitoralis was available for our flow cytometric analysis, but according to previous counts, S. debilis is diploid (2n 5 26; Lö ve et al. 1971 ) and S. rivularis subsp. arctolitoralis is tetraploid (2n 5 52; cf. references in the taxonomic treatment).
It is well-known that the genome size of polyploids does not necessarily represent the sum of their diploid progenitors due to genome size evolution after their formation (Levin 2002) , but the finding of close to perfect additivity in Saxifraga rivularis (with DNA ratio 0.36-0.38) relative to Figs. 4, 5) provides a compelling argument in favor of allopolyploid origin from these two diploid lineages. Moreover, the low number of specific markers and the lack of fixed specific markers within the S. rivularis lineage suggest that polyploid formation involving other taxa is unlikely. Thus, for these reasons and also because of its divergent morphology and its distribution in the southern Rocky Mountains, the diploid S. debilis is unlikely a progenitor.
Alloploid origin of the Saxifraga rivularis lineage with the circumpolar S. hyperborea lineage as one of the diploid progenitors is also consistent with isozyme data , and chloroplast DNA sequences (Brochmann et al. 1998; T. M. Gabrielsen & C. Brochmann, unpubl. data) . Both indicate that this lineage represents the maternal progenitor. Thus, the Beringian S. bracteata lineage probably represents the paternal progenitor, suggesting a Beringian origin of the tetraploid. The hypothesis of Rebristaya and Yurtsev (1984) that the Beringian tetraploid (S. rivularis subsp. arctolitoralis) originated as an autopolyploid from S. hyperborea can thereby be definitely rejected, but their view that S. bracteata and S. hyperborea are closely related to S. rivularis subsp. rivularis gains support.
The low number of specific AFLP-markers, and the shallow genetic structure within the Saxifraga rivularis lineage, suggest that S. rivularis originated once in Beringia and that the subsequent divergence of the two subspecies happened quite recently. This result is supported by the single cpDNA haplotype found in both subsp. arctolitoralis and subsp. rivularis (T. M. Gabrielsen and C. Brochmann, unpubl. data) . However, the morphological distinction including differences in size, hair length, hair pigmentation and hair density, paired with moderate genetic differentiation (STRUCTURE analyses; Figs. 2, 3) , justifies the recognition of two significant units and also suggests that the split between the two is older than post-glacial.
Biogeography. The highest taxonomic and molecular diversity was found in Beringia, suggesting that this area has served as a continuous primary Pleistocene refugium and area of diversification of the Saxifraga rivularis complex as shown for many other plant groups (Hultén 1937; Abbott and Brochmann 2003) .
The circumpolar Saxifraga hyperborea showed some phylogeographic structure in the PCO analysis of the AFLP data (Fig. 2C) , indicating that the Pacific and Atlantic populations became isolated in different refugia, at least during the last glaciation. The Rocky Mountain populations, which were not included in the AFLP analysis, differed morphologically from the arctic populations (Fig. 7C ), suggesting that a third glacial refugium for S. hyperborea was situated in western North America south of the Cordilleran ice sheet, as suggested for several other arctic-alpine species (Dryas integrifolia M. Vahl The current, extremely disjunct distribution ranges of the amphi-Atlantic subsp. rivularis and the amphi-Beringian subsp. arctolitoralis, separated by approx. 4,000 km in Russia and by almost 3,000 km in North America (Fig. 1) (Lipkin and Murray 1997) . In both cases the gaps in the distribution are of the same order, or larger, than in Saxifraga rivularis. These three arctic-alpine species have in common that they are confined to the most humid and least winter-cold parts of the Arctic, bordering on the northernmost Atlantic and Pacific oceans. They are also predominantly confined to sites with a thick, insulating and late melting snow cover, protecting against winter and spring frost (Hultén 1968; Lid and Lid 2005) .
Such a disjunction as found in the Saxifraga rivularis lineage and in Luzula arcuata and Ranunculus glacialis, could have originated via longdistance dispersal or vicariance. If originating from recent long-distance dispersal from Beringia to the amphi-Atlantic areas, we would expect little or no genetic and morphological divergence between the two ranges. We would also expect no phylogeographic structure within the amphi-Atlantic area and less variation than in Beringia as a result of a genetic bottleneck effect. In case of an origin from vicariance, however, we would expect genetic and morphological differentiation of the two groups, comparable amounts of variation within the two groups, and a phylogeographic pattern also within S. rivularis subsp. rivularis.
Our results mostly support the vicariance hypothesis. We found weak, but significant, genetic and morphological differentiation of subsp. arctolitoralis and subsp. rivularis, and regard it as an indication that the separation has been longer than post-glacial. A study of the phylogeography of Saxifraga rivularis subsp. rivularis also showed some differentiation among populations from Svalbard, Greenland, and the more southern areas in Norway, Iceland, and Scotland (Westergaard 2004) . A detailed comparison of levels of variation and phylogeographic structure of subsp. rivularis with subsp. arctolitoralis was not possible with only one Beringian population included in the molecular analyses. In comparison with the S. hyperborea lineage, very little variation was found among populations of subsp. rivularis in this study (Fig. 3) , which could be the result of a bottleneck effect following long distance dispersal, although other explanations such as autogamous reproduction (Brochmann and Hå pnes 2001) are possible.
We want to put forward the hypothesis that these amphi-Atlantic/amphi-Beringian disjunctions were caused by vicariance and survival in separate refugia, probably during the last glaciation, and that the disjunctions subsequently have been retained due to the current continental climates in the major parts of the Arctic bordering on the frozen Polar Sea. An open Polar Sea caused a more oceanic climate along the coasts of arctic Canada and northern Siberia during the last interglacial (e.g., 120,000 BP; Frenzel et al. 1992; Miller et al. 1999; Koerner and Fisher 2002) , allowing more continuous circumpolar distributions of species that avoid continental climates, needing snow protection in winter and moist conditions in summer. With a frozen Polar Sea during glaciations and in the current interglacial, more continental climate prevail(ed) in these areas, causing disjunctions and restricting populations to coastal regions with more oceanic climates in Beringia, in eastern North America south of the Laurentian ice sheet (e.g., in the Appalachian Ranges or in ice-free shelf areas), and in western Central Europe.
A very fast colonization of formerly glaciated areas from refugia is supported by the fossil record of S. rivularis subsp. rivularis from several places in Norway and Scotland already during the deglaciation phase and Allerød, respectively (Birks 1993; Huntley 1994) . Colonization of arctic Canada and northern Siberia, however, was and is prevented by contemporary continental climates with dry and cold winters (100-300 mm precipitation p.a.; Moen 1998) causing unsuitable growing conditions due to scant snow cover and little protection against frost.
The phylogeographical analysis of Saxifraga rivularis represents the first case study that contributes molecular data to a historical biogeographical interpretation of the amphi-Beringian/amphi-Atlantic disjunctions. Phylogeographical studies in the other taxa listed above would be highly interesting in order to elucidate this disjunction phenomenon.
Delimitation and Classification of Taxa. Two of the species, the diploids Saxifraga bracteata and S. debilis, are very distinct, differing from all other taxa in several presumably independently inherited morphological characters. We lack genetic evidence for S. debilis, but the AFLP data obtained for S. bracteata show that this species is also genetically distinct. These two taxa fit the criteria used for the species rank in the Panarctic Flora and 722 SYSTEMATIC BOTANY [Volume 31 Flora Nordica (Elven et al. 1999; Jonsell 2000) . In addition to the different chromosome numbers, S. hyperborea and S. rivularis can only be unambiguously distinguished from each other by the absence/presence of rhizomes and the length of hairs. However, they are genetically very distinct and can also be distinguished by a combination of other morphological characters (Figs. 2, 3, 6 ; Tables 3, 4) and are therefore most appropriately recognized at the species level.
We regard the morphological and genetic differentiation between the Beringian and Atlantic tetraploids (Fig. 2C ) as weak and insufficient to justify species rank. This conclusion also agrees with the view that the tetrapoids have a single origin. In accordance with the Panarctic Flora and Flora Nordica criteria, we therefore recognize these populations as geographic units at the subspecies level: Saxifraga rivularis subsp. arctolitoralis and subsp. rivularis.
The molecular variation we observed among the populations initially assigned to 'flexuosa' and 'hyperborea' did not correspond to the delimitation of the taxa as suggested by Elven et al. (2003) . The weak genetic and phylogeographic differentiation found among these populations was not substantially reflected in morphology (STRUCTURE analyses; Figs. 2, 3, 7) . Thus, our study does not even support recognition of 'flexuosa' at an infraspecific level, which is in agreement with the hypothesis of Rebristaya and Yurtsev (1984) that 'flexuosa' is only a shade-growing Saxifraga hyperborea. The most conspicuous morphological differences (length of flowering stem and pigmentation) can probably be attributed to phenotypic plasticity. The southern Rocky Mountain populations of S. hyperborea, however, were somewhat morphologically distinct (e.g., absence of hairs). It is possible that these populations should be recognized as a separate subspecies, but due to lack of molecular data from this area and the limited sampling between Alaska and the southern Rocky Mountains, a final conclusion cannot be made here. Weber (1966 Weber ( , 1967 Lö ve et al. (1971) , however, reported tetraploids (2n 5 52) from this area as S. rivularis s. str. (Fig. 5) . More research is needed to assess whether these tetraploids belong to S. debilis or to another unrecognized tetraploid taxon.
TAXONOMIC TREATMENT
Key to the Species. The values given are the 25% and 75% percentiles for the measured characters. The complete variation range of each character is found in the species descriptions. For combinations of taxa, the 25% percentile for the taxon with the lowest values, and the 75% percentile for the taxon with the highest values, were used. 4-11.2 (13.9 ) mm long and (9.5) 13. 1-19.9 (32.0 ) mm wide, with 5-7 (11) angled lobes. Flowering stems (34) 57-114 (177) mm long, sparsely covered with uniseriate glandular hairs, with (1) 3-6 (29) subsessile flowers and (0) 5-10 (35) bracts. Bracts similar to basal leaves. Lower bracts (4.8) 7. 2-11.4 (15.9 ) mm long and (3.8) 8.0-15.8 (33.6 ) mm wide, with (1) 3-7 (9) 
